Abstract Changes in the agriculture sector are essential to mitigate and adapt to climate change, meet growing food demands, and improve the livelihoods of poor smallholder producers. What agricultural strategies are needed to meet these challenges? To what extent are there synergies among these strategies? This paper examines these issues for smallholder producers in Kenya across several agroecological zones. Several practices emerge as triple wins, supporting climate adaptation, greenhouse gas mitigation, and profitability goals. In particular, integrated soil fertility management and improved livestock feeding are shown to provide multiple benefits across all agroecological zones examined. Triple wins of other agricultural practices are limited to specific agroecological zones. Irrigation and soil and water conservation, for example, are essential for adaptation, mitigation, and profitability in arid areas. The results suggest that agricultural investments targeted toward these triple-win strategies will have the greatest payoff in terms of increased resilience of farm and pastoralist households and global climate change mitigation. To reap the benefits of triple-win strategies will require that policymakers, researchers, and practitioners move away from isolated approaches focused on either adaptation or mitigation or rural income generation toward a more holistic assessment of joint strategies as well as their tradeoffs and synergies.
Introduction and background 2 Methodology

Data collection
To identify and assess ongoing and alternative household-level and collective 1 adaptation strategies and land management practices, 710 farm households were interviewed by IFPRI and KARI from July 2009 to February 2010 in 13 divisions within 7 districts in Kenya (see Table 1 ). The study sites were selected to cover communities where agricultural mitigation and adaptation projects were operating. The survey also included suitable control sites identified using propensity score matching based on average elevation, NDVI (average 1981-2007) , length of the growing period, average rainfall, area, percent of individuals below the poverty line, population in 1999, and livestock units per capita. Sites covered all major agroecological zones (AEZ) in the country except the coastal area. Participants were selected randomly from the list of community members provided by village leaders. Because of the selection approach, households interviewed are not representative of the AEZ but can be considered as case studies within each AEZ.
Analytical methods
Descriptive analyses of the land management practices, livestock feedings practices, and adaptation strategies reported by farmers were conducted and used as inputs into crop and livestock simulation models to analyze the synergies between adaptation and mitigation.
A crop system simulation model was used to estimate the potential dynamic changes of crop yields and the soil carbon pools under different management practices under both a dry and wet future climate for maize, the key staple crop. The CERESMaize model of the Decision Support System for Agrotechnology Transfer (DSSAT) (Jones et al. 2003; Hoogenboom et al. 2011 ) with the integrated CENTURY Soil Organic Model (Parton et al. 1987; Gijsman et al. 2002) was used to examine variations of seven management practices or "packages" (two variety choices, fertilizer application, manure application, residue management, rotation with beans, soil and water conservation (SWC) techniques, and supplementary irrigation) and two sets of climate projections out to 2050 (CSIRO-Mk3.0 and MIROC3.2 to represent a possible dry and wet future climate, respectively, with the SRES A2 scenario) for each district. Appendix A provides details on the methodology, evaluation of the model, and limitations of the modeling approach.
The potential impacts of improved feeding practices on the productivity and methane emissions of cattle were examined using a ruminant simulation model housed at the International Livestock Research Institute. The model predicts feed intake, productivity, manure production, and methane emissions of ruminants (Herrero et al. 2002) . Current and alternative cattle diets were constructed using the main feeds reported in the household survey in quantities devised to match reported dairy production and the main feed ingredients that have been increasing in the seven districts based on survey results, respectively. This model has been previously used to estimate productivity and methane emissions of African domestic ruminants and methane emission factors for the Intergovernmental Panel on Climate Change Thornton and Herrero 2010) .
To examine the profitability of different management strategies, data on changes in soil carbon, yield, and livestock productivity from the crop and livestock simulation models were combined with information on costs of production from the field survey and expert opinion to calculate net profits for particular sets of management practices compared with a baseline case of no management. Based on these analyses triple-win strategies were identified.
3 Agricultural management practices and climate change adaptation strategies
Common land management practices
In order to assess the impact of land management practices on farm production, farmers were asked what management practices they were using on cropland and why they chose to adopt those practices, regardless of whether they were adopted as an adaptation strategy. Farmers provided a wide range of responses. The most common practices employed by farmers included inorganic fertilizer (45 %), composting or manure (40 %), intercropping (39 %), soil bunds (18 %), residues (12 %), and grass strips (12 %). Common reasons provided by farmers for adopting new management practices included increasing productivity, reducing erosion, increasing soil fertility, and increasing the water-holding capacity of the soil.
Livestock feeding practices
Households owning livestock were asked about the types of feeds used during different times of the year. Short-distance rangelands are the primary source of feed during the dry and wet seasons, while maize stover, roadside weeds, and cut-and-carry fodders represent other important sources of livestock feed. They also reported on changes in feed resource availability over the last 10 years as a result of drought, climate change, and land use change. Over this timeframe, some feed resources became unavailable, such as kikuyu grass; while new sources have become available, including napier grass (Pennisetum purpureum), desmodium (Desmodium intortum), mathenge (Prosopis juliflora), and calliandra (Calliandra spp.).
Adaptive responses to perceived climate change
Surveyed farmers adopted a range of practices in response to perceived climate change. Farmers' adaptation strategies were ascertained through open-ended questions about actions (Bryan et al. 2009; Deressa et al. 2009 ). The most common responses included changing crop variety (33 %), changing planting dates (20 %), and changing crop type (18 %). Other responses included planting trees (9 %), reducing livestock numbers (7 %), diversifying, changing, or supplementing livestock feeds (7 %), changing fertilizer application (7 %), and SWC (5 %).
4 Simulation of the impact of cropland management practices on maize yields and soil carbon sequestration
The crop simulation model results for alternative adaptation strategies showed considerable variation in maize yield and soil carbon sequestration across the various technology packages, and AEZ and soil combinations. Results for a selected set of management packages are shown in Appendix A. Overall, the simulated results show that the best set of management practices or "packages" for SCS and yield improvement would generally include integrated soil fertility management, although the optimal combination of nutrient inputs (manure, inorganic fertilizer, and crop residues) depends on a number of factors, including crop type, soil type, and AEZ. Importantly, inorganic fertilizer applications alone do not enhance SCS but must be combined with other soil fertility management practices (manure application, mulching, residue management, or a combination of these). Similarly, residue management (for example, leaving 50 % of crop residues on the field after harvest) shows high potential for SCS across districts, reflecting the positive role of residues for replenishing soil nutrients and increasing biomass production in the following season. Only in a small number of locations was full removal of residues necessary for SCS, including in the arid site under a drier future. In this case, limited soil moisture might hinder microbial activities and the decomposition of organic matter.
The results regarding water management differ significantly by AEZ. In the arid, pastoralist site, maize yields under rainfed conditions are very low due to limited water availability and climate variability, and irrigation is essential to achieve reasonable yield levels. Yields are maximized when SWC and irrigation are combined. The humid sites benefit from relatively high rainfall and low variability, while nitrogen is limited. As a result, the effects of SWC techniques are limited, and irrigation in fact lowers average yield levels across simulated packages, possibly due to increased leaching of nitrogen from the soil. In the semiarid and temperate sites, where water is somewhat limited, SWC practices and irrigation increase yield levels. However, yield improvements are much larger from soil nutrient inputs (fertilizer and manure). Thus, while the use of SWC and irrigation was strongly favored in the arid site, soil nutrient management was more important in the temperate, semi-arid and humid sites.
Rotation of maize with beans was shown to enhance SCS and yield in only a few cases. While rotation with beans is generally positive for SCS, these benefits are limited compared with more explicit nitrogen input measures. Moreover, use of a hybrid variety did not increase soil carbon, even with nutrient management practices in most AEZs. This may be because the hybrid varieties used were not specifically calibrated for each local condition due to a lack of phenological data. Finally, results differ only slightly across future climate scenarios. This is likely due to the fact that, despite large differences between these scenarios at the global level, climate predictions are somewhat similar for Kenya.
Potential impacts of improved livestock feeding as a climate change adaptation and GHG mitigation strategy
A governmental push toward market-oriented milk production is driving production systems in the study areas toward increased use of improved feeding practices. These practices reduce the fluctuation of feed during the dry season, thereby reducing risk and helping farmers adapt to climate change (Thornton and Herrero 2010) . These practices are also being promoted by several international agencies and projects (for example, the Bill & Melinda Gates Foundation East Africa Dairy Development Programme) as a vehicle for intensifying dairy production.
Baseline diets
Data on the current diets of dairy cattle in the different districts from the household survey is consistent with that from other studies (Zemmelink and Romney 1999; Bebe 2003; Herrero et al. 2008 ) and include rangeland grazing, maize stover, cut-and-carry fodder, roadside weeds, and grain supplements with significant differences across districts.
Differences in main feed sources reflect the productive orientation and management of the systems in the various study areas. Njoro, Mukurwe-ini, and Othaya have a more commercial orientation, with stall-fed, high-grade dairy animals with good diets (reflected in high energy densities as a result of the use of concentrates), leading to high milk production. On the other hand, rangeland-based systems point toward more extensive production, where supplementation, mostly in the dry season, is based on crop residues and on the opportunistic use of feed resources like roadside weeds.
The relationship between the quality of the diet and manure and methane production follows well-established principles: higher quality diets and higher feed intake lead to greater methane production. However, methane production per unit of animal product decreases as the dietary quality improves. Therefore, supplementation with high-quality forages is both an important adaptation and GHG mitigation strategy. As expected, better diets in the more dairy-oriented districts of Njoro, Mukurwe-ini, and Othaya produced the least methane per unit of milk but also produced overall higher quantities of methane due to increased feed intakes of the animals. Cows in the drier, agropastoral regions were significantly less efficient in terms of methane produced per unit of milk (up to five times less efficient in some cases), since their diets were poorer and most of the energy was used for maintaining the animals instead of producing milk.
Manure production ranged from 657 to 730 kg per animal (250 kg body weight) across districts.
Testing alternative feeding scenarios
Alternative scenarios of diet composition were tested by constructing new supplementation regimes using the feed sources reported to have appeared in the surveyed districts in the last 10 years. The simulated 250-kg animals consumed between 4.5 and 6.0 kg of dry matter (DM) feed per day in the baseline diets, and the scenarios tested aimed at replacing between 15 and 50 % of the baseline ration in terms of DM consumed. Scenarios assumed that new feeds would replace maize stover to enable farmers to use these residues on cropland.
On average, the supplementation strategies tested increased milk production by 36 % while also increasing total manure and methane production by 6 and 4 %, respectively, and decreased methane production per liter of milk by 20 %. The impact of the new diets varied across districts.
As a general trend, the largest positive impacts of supplementation were observed in the districts with the poorest-quality baseline diets (Garissa, Gem, Mbeere, and Siaya). In these districts, milk production increased between 12 and 136 % while manure and methane production changed between 0 and 16 % and −5 and 16 %, respectively. While methane emissions increased overall in many scenarios, efficiency per liter of milk improved in every scenario. Methane production per liter of milk decreased significantly by between −8 and −60 %. Thus, if simple practices and modest supplementation plans can be implemented, methane production in these regions could decline significantly. However, improved feeding practices generally will be profitable only if livestock owners have access to markets for dairy products. This is generally not the case in the more remote arid district of Garissa, where the feeding efficiency gap is largest.
Increasing milk production while reducing methane production per liter of milk was also possible in the districts with higher-quality baseline diets, but improvements were smaller (8 to 49 % for milk production and −7 to −21 % for methane per liter of milk, respectively). In addition to the benefits from decreased methane emissions, alternative livestock feeding practices would enable farmers to apply maize stover as residues on their fields, leading to additional agricultural GHG mitigation benefits from SCS.
Profitability of alternative management practices
This section evaluates the profitability of the most promising crop and livestock management practices identified above in monetary terms to determine the extent to which these practices provide financial benefits for households in the study sites. This analysis used data on soil carbon changes and maize yields from the crop simulation model and data on milk production and methane emissions from the livestock simulation model. Costs were taken from the survey where possible, or based on expert opinion (for example, construction costs of SWC and irrigation structures) or based on retail prices for inputs (such as fertilizers). (See Appendix B for details on production costs.)
Profitability of cropland management strategies
An economic analysis for a select set of management packages is performed to determine whether these packages provide sufficient incentives (from increased revenues and carbon payments) to encourage adoption by farmers. In Package 1, 50 % of crop residues are left on the field. In Package 2, 40 kg of nitrogen fertilizer per hectare and 3 t of manure per hectare are also added. Package 3 adds SWC practices and rotation with legumes every fourth year. Package 4 includes all practices in package 3 plus irrigation (100 mm per hectare of furrow irrigation).
The change in annual net revenues (ΔNR) after adopting a particular management package (s), compared to a baseline without improved practices (i), is calculated as:
for each AEZ-soil type combination. ΔY(i, s) is the change in maize yield after adopting one of the management packages and P m is the price per kg of maize. ΔL(i, s) represents the change in labor effort (in person days per hectare per year) from switching to an improved package, and w is the wage rate. ΔI(s)*p i represents the increase in the cost of inputs of fertilizer and manure 3 for management packages 2, 3, and 4. M(s) is the annual cost of construction, operation and maintenance of soil and water conservation and irrigation structures in packages 3 and 4.
In many parts of Kenya, where maize stover is an important source of livestock feed, there is a tradeoff with livestock production when residues are left on the field (Thorne et al. 2002) . Therefore, ΔR(s)*p n captures the cost of purchasing replacement feed for livestock (napier grass) following the application of residues on cropland.
ΔC(s)*P c is the payment that farmers could receive per hectare at a price P c per ton of carbon sequestered per period. A price of $10 per ton of CO 2 e-reflecting the average offset price for CER contracts under the CDM in 2011 (Kossoy and Guigon 2012)-is assumed in order to calculate potential profits from linkage with carbon markets.
All alternative packages increase SCS and most packages also increase net revenue from maize production compared with a strategy of no improvement ( Table 2 ). The exceptions are Packages 1 and 2 in arid areas with clayey soil and Package 2 in arid areas with sandy soil. In these scenarios, the cost of replacement feed and other inputs outweighs the benefits from increased productivity.
The increase in net profits from maize production is highest under Packages 2, 3 and 4 in the semiarid, humid, and temperate areas. In these AEZs, the biggest increase in net profits results from the application of inorganic fertilizer and manure (Package 2), with modest additional profits gained from the addition of SWC and rotation (Package 3) and, in some cases, irrigation (Package 4). The increase in net profits is also high in arid areas under Package 4, which includes irrigation, and modest gains are shown under Package 3, which includes SWC.
Potential revenues from the increase in SCS are minimal when only 50 % of crop residues are left on maize fields (Package 1). However, revenues rise to between $2 and $10 per ha depending on the management package, AEZ and soil type combination.
Leaving crop residues on the field has a high potential for both yield improvement and SCS. However, in the rangeland-based systems, where residues are used as a feed supplement during the dry season, farmers may not always choose to leave residues in the field. To further explore the opportunity cost of using crop residues on cropland, we considered a set of management packages that include the application of 75 % of residues on cropland, leaving only 25 % of residues for feed (Packages 5-8, results shown in Appendix C).
With 75 % residue retention, revenues from SCS tend to increase slightly compared to packages with only 50 % residues. However, in more than half of the AEZ-soil type combinations, the use of 75 % of residues as opposed to 50 % does not increase maize yield (and profits) enough to make up for the cost of purchasing additional replacement feed. This shows that the optimal allocation of residues to crops and livestock feed in terms of profitability depends on the particular combination of management practices and agroecological and soil conditions, and the value of livestock and its products.
The results also show that the greatest benefits to smallholders come from increases in productivity, rather than agricultural mitigation. At $1-12 per hectare, potential payments for carbon offsets are very small, but not insignificant for the ultra-poor. Rather than providing direct payments to farmers, the revenues from linking smallholder farmers to carbon markets could be used to cover some of the costs of the overall project, such as extension services, or for investments in community infrastructure (e.g. Lager and Nyberg 2012).
Profitability of improved livestock feeding
To analyze the profitability of the various feeding management strategies, we calculated the cost of emissions for the different scenarios to determine which of the alternative feeding strategies reduces emissions. Table 3 illustrates the cost of CO 2 -equivalent emissions for alternative feeding strategies compared to the baseline; alternatives that lead to a reduction in emissions are shown in bold. Total methane emissions were reduced in only 4 out of 14 alternative feeding scenarios due to improved feeding practices, but methane emissions per liter of milk are always lower. Table 3 also shows the results from the profitability analysis for milk production in the seven districts for alternative feeding strategies. Feeding scenarios with increased profitability per liter of milk compared to the baseline are in bold. In most cases, alternative feeding practices increase productivity and net profits per liter of milk. One exception is Garissa, where the cost of purchasing improved feeds reduces net profits per liter of milk (although Source: Authors Notes: RSD50=50 % of residues left in field; FRT=fertilizer; MNR=manure; SWC=soil and water conservation; ROT=rotation with dry beans; IRG=irrigation total net revenues increase slightly given greater quantity of milk produced). Net profits per liter of milk also decrease compared with the baseline for the second scenario in Othaya, given the high cost of purchasing replacement feed.
Abatement potential of alternative land management packages
In order to illustrate the potential for adaptation practices to contribute to GHG mitigation on a larger scale, we extrapolate our findings on soil carbon sequestration potential and profitability to the full maize area contained within the AEZs and soil types covered by the study sites. Using a 7-class map of AEZs, we identified the maize areas for each AEZ-soil type combination covered by our study sites (representing 23 % of current maize area in Kenya) (Jaetzold and Schmidt 1983; Sanchez et al. 2003; You et al. 2009 ). We then calculate the cumulative abatement potential for the selected land management packages described above assuming application to the entire maize area represented by the study sites over a 40-year period. Figure 1 shows the cumulative total abatement potential (in thousand tons of CO 2 e) for each of the AEZ-soil type combinations found in the study sites. The set of packages shown are those with the greatest abatement potential for each particular AEZ-soil type combination. That is, the selected set of packages maximizes GHG mitigation in these areas with a cumulative abatement potential of almost 12.8 million tons of CO 2 e over a 40-year period. As shown, all AEZ-soil type combinations show significant abatement potential with the exception of semiarid areas with sandy soil. The greatest mitigation potential is found in the semiarid AEZ on loamy soil (4.5 million tons of CO 2 e), followed by the temperate AEZ on loamy soil (3 million tons of CO 2 e).
The y axis in the figure displays the cost of implementation of each of these packages ($ per ton of CO 2 e) in the given AEZ-soil type combination. The figure shows that the application of these packages provides farmers with net profits, with the greatest profits being in the humid AEZ on loamy soil (at $78 per ton) and the least profits in the semiarid AEZ on sandy soil.
A similar analysis was done by selecting the set of packages that provide the greatest net profits in all the AEZ-soil type combinations, rather than the packages that maximize abatement potential. Under this scenario, the cumulative abatement potential is considerably lower, at 7.8 million tons of CO 2 e over a 40-year period, suggesting that there is some tradeoff between mitigation and profitability.
While this analysis illustrates the potential benefits and tradeoffs of triple-win strategies on a larger scale, it is limited by the fact that the survey was not designed to be representative of the AEZs of the selected sites. Additional research would be needed to test the external validity of these results. 
Conclusions and policy implications
Increasing poverty, dependence on low-input agricultural production, and rapid population growth are critical challenges facing Kenya. Climate change will further exacerbate these problems unless investments in agriculture and rural development increase, particularly those targeted towards strategies that provide multiple benefits to the most vulnerable smallholder producers.
This study identifies several agricultural management strategies that provide benefits in terms of agricultural adaptation to climate change, GHG mitigation, and increased productivity and profitability for smallholder producers in Kenya. Enhanced soil nutrient management (combinations of inorganic fertilizer, mulching, and manure) emerged as a key winwin-win strategy in the Kenyan context. This strategy increases SCS, boosts yields and increases farm revenues, providing a buffer against the negative impacts of climate change. The benefits in terms of yield improvements far outweigh the costs of purchasing and applying fertilizers and manure in the study sites. This strategy is likely to offer similar benefits in other contexts in sub-Saharan Africa where fertilizer application rates are low (González-Estrada et al. 2008) .
Improved feeding practices, another key win-win-win strategy, are shown to increase the productivity of dairy cattle and net profits from the sale of milk in most cases, while reducing methane emissions per liter of milk produced. In cases where improved feeding practices are not profitable, households may require additional incentives to facilitate adoption. While, in general, improved feeding practices result in an increase in overall methane emissions, when combined with destocking, emissions are likely to decline overall. Maintaining a smaller number of better-quality, more productive animals is a strategy advocated by a number of agencies and NGOs operating in Kenya and one that many households are already adopting in response to climate change. Such strategies may also be effective in other smallholder livestock systems in East Africa and South Asia (McDermott et al. 2010; Thornton and Herrero 2010) .
To maximize the synergies and reduce the tradeoffs implicit in various land management practices affecting crop and livestock production, food security, adaptation, mitigation, and development considerations should be integrated into the country's development and climate change strategies. However, key policy documents either fail to include climate change considerations (e.g. the country's development blueprint-Kenya Vision 2030); or do not integrate adaptation and mitigation strategies (e.g. the National Climate Change Response Strategy). Transcending isolated approaches focused on either mitigation, adaptation, rural development, or food security will lead to a more explicit assessment of these sometimes competing goals and the identification of strategies that maximize the benefits to smallholder producers.
Promoting the adoption of triple-win strategies will be a major challenge. The extensive literature on constraints to the adoption of agricultural technologies and practices shows that there are several factors that impede uptake, such as lack of information, risk aversion, lack of access to input and output markets, and lack of financial incentives (Barrett et al. 2002; Ehui and Pender 2005; Lee 2005; Herrero et al. 2010b; McDermott et al. 2010) . Overcoming these obstacles will require targeted investments to make smallholder systems more marketoriented (Herrero et al. 2010b; McDermott et al. 2010) . Indeed, farmers in Kenya with access to input and output markets have been shown to have higher use of inputs, such as fertilizer, and greater productivity (Owuor 1999; Strasberg et al. 1999) . Strengthening the quality and delivery of information services is also critical, particularly because triple-win strategies are location-specific (based on the local agroecology, climate factors, soil characteristics, livelihood systems, socio-economic conditions, etc.) as this article and many others have shown (Solano et al. 2000; Ehui and Pender 2005; Lee 2005; Kato et al. 2011; Silvestri et al. 2012 ).
Given greater international attention to the challenge of climate change, policymakers should explore new financing options supporting agricultural adaptation and mitigation, including adaptation funds, mitigation funds, and credit mechanisms, to promote the use of triplewin strategies. Such investments would go a long way towards improving food security, improving livelihoods, and preparing for climate change.
